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Enhanced Acceleration in a
Self-Modulated-Laser Wakefield Accelerator

I. Introduction

Plasma-based accelerators are being widely researched as candidates for the next gen-

eration of particle accelerators [1]. One promising concept is the laser wakefield accelerator

(2-4] (LWFA), in which a short (rL < 1 ps), high power (P > 1 TW) laser pulse propa-

gates in plasma to generate a large amplitude (E > I GV/zm) wakefield, which can trap

and accelerate a trailing electron bunch. In the standard LWFA, efficient wake generation

requires L ! -\,/2, where L is the full-width-at-hall-maximum length of the laser intensity

profile on axis, \, = 2wc/w. is the plasma wavelength, w. = (4rmoe2 /m)1/ 2 and n0 is

the ambient plasma density. In this case, the peak axial electric field is given by [2-41

E.= (wr2 mc2 /e)a2o/(4Ap-.L), where 7--L = (1 + a2 /2)' 2 and ao = eAo/mC2 is the nor-

malized amplitude of the laser vector potential field [5] which is assumed to be linearly

polarized throughout this paper. To improve the final energies of accelerated particles in

the LWFA, higher accelerating fields and longer interaction distances are required. Ac-

celerating fields can be increased by reducing the plasma wavelength and hence, the laser

pulse-length, which is limited by technological considerations. Longer interaction distances

may be achieved if the laser pulse can be optically guided [3-4,6-8].

In this paper, we propose a self-modulated-LWFA in which enhanced acceleration

is achieved via resonant self-modulation of the laser pulse. This occurs when a) the laser

pulse extends axially over several plasma wavelengths, L > A,,, and b) the peak laser power

satisfies P > P, = 17(Ap/Ao0)2 GW, where Pc is the critical power [6] for relativistic optical

guiding and Ao is the laser wavelength. At fixed laser parameters, both conditions can

be met by choosing a sufficiently high plasma density. Operation in the self-modulated

regime could have a dramatic impact on LWFA experiments now being planned in the

United States and elsewhere.

Manuscript approved June 2, 1993.



II. Self-Modulation of the Laser Pulse

We have found that in the self-modulated regime, enhanced wakefields are generated,

i.e., accelerating fields are more than an order of magnitude greater than those generated by

a laser pulse with L L- \p/2, assuming fixed laser parameters. Acceleration is enhanced for

four reasons. Firstly, since a higher density is required (assuming L fixed), the wakefield will
1/2

be increased: E. - no . Secondly, the resonant mechanism excites a very-high-amplitude

wakefield in comparison to the standard LWFA. Thirdly, since P > P,, relativistic focusing

further enhances the laser intensity, increasing ao. Fourthly, simulations show that a

portion of the pulse will remain guided over multiple laser diffraction lengths, extending

the acceleration distance.

The mechanism can be understood by considering a long laser pulse, L > A•, with

power P = Pc, such that the body of the pulse is relativistically guided [3]. The finite rise-

time of the pulse will create a low-amplitude wakefield within the laser pulse. Alternatively,

this plasma wave can be generated via a forward Raman scattering (FRS) instability, as

was suggested by Tajima and Dawson [2]. In the wakefield, each region of decreased density

acts as a local plasma channel to enhance the relativistic focusing effect, while each region

of increased density causes defocusing [7,8]. This results in a low-amplitude modulation of

the laser pulse at \,. The modulated laser pulse resonantly excites the wakefield and the

process continues in an unstable manner. This instability, which is observed to develop on a

time-scale associated with laser diffraction, resembles a highly nonlinear two-dimensional

form of the usual FRS instability. It is distinguished from FRS by its two-dimensional

nature and by its growth rate, which increases dramatically as the P > Pc threshold is

crossed.

In the standard LWFA, the acceleration distance is limited by the diffraction length, or

Rayleigh length, of the laser pulse: ZR = (ko/2)r', where k0 = 27r/A0o and ro is the radius

of the laser waist. At the high plasma densities and extended laser diffraction lengths asso-

ciated with the self-modulated-LWFA, single-stage acceleration can be limited by detuning

due to the reduced group velocity v. of the laser pulse, rather than by diffraction. Here,

V9 _ c[l1- (Xo/p/-y.j)2/2J, where L >A• , has been assumed [4]. One-dimensional theory in-

dicates that phase detuning limits the maximum acceleration to X _ 'ra20ay±/(2A02),

' ' i i I I I I I I2



assuming fixed ao and pa~o//Ao > 1. With current laser technology [9) acceleration of elec-

trons to - 100 MeV appears possible using a single-stage, standard LWFA [10,11]. We find,

however, that resonant self-modulation and relativistic guiding can enhance considerably

the acceleration in the self-modulated-LWFA. We will illustrate this via two numerical sim-

ulations. The first is a standard case which is optimized in the usual sense, with L = Ap/2.

The second is a self-modulated case, in which the plasma density is increased such that

L > Ap and P > P, are achieved (all other parameters remain unchanged).
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III. Model Equations

These simulations were based on the laser-plasma fluid model described in Refs. 8 and

11, which utilizes (r, • = z - ct, T = t) coordinates. The laser pulse moves in the positive

z direction such that the front of the laser pulse remains near = 0. The physical region

of interest extends from C = 0, where the plasma is unperturbed, to C < 0. The model is

valid when ZR > L, ZR > AP, Ao < ro and A0 << A. Laser pulse evolution is described

by the wave equation:
( V 2iko 0 2 92 i) =k

.+ -c F + -c -- ,., ) ,psaf.(1)

To include phase detuning effects, the 8&/1COr term is retained in Eq. (1), in contrast

to Refs. 8 and 11. In Eq. (1), if is the slowly varying amplitude of the normalized

vectcr potential of the laser pulse (a 1 = fi! exp(ikoC)/2 + c.c, where c.c. denotes complex

conjugate), k., = wp/c, p. = no/7ono, no is the slowly varying component of the plasma

density and -. is the slowly varying component of the relativistic factor of the plasma.

The plasma response to a given laser field fif is given by [81
V2_a, k2 10

I = kPpou - -Vco°, (2a)

V +_02) 4 k2(-lops p(O)) (2b)

(u. as)= V (. - q,.), (2c)

and
1+ +,, + f -• /2 + (1 + '.)2

2(1+'•.) 
(2d)

where the Coulomb gauge has been used (V. a. = 0) and 'P, = .- as,. In Eqs. (2a-

d), -. = eA./mc2 and q0. = et./mc2 are the normalized vector and scalar potentials,

respectively, us = po/mc is the normalized momentum, p(O) = p.(C = 0), the subscript a

denotes the slowly-varying component, and the plasma ions are assumed to be immobile.

In the axisymmetric case, Eqs. (2a-d), along with V • a. = 0, can be combined to yield

a single equation for 'P. in terms of Jaf12, which is solved numerically [8,11). This model

neglects certain laser-plasma instabilities [12-14]. In particular, Raman side-scattering

could limit the effective longitudinal extent of a laser pulse with P > Pc [14]. This will be

discussed further at the end of Section V.
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IV. Simulation Results

In these runs, we will consider a Gaussian laser pulse with A0 = 1 Arm, ao = 0.70,

r0 = 31 Am and L = 45 Am (150 fs), such that ZR = 0.3 cm. Here, we define ao to be the

amplitude of the laser vector potential af at the point of minimum focus in vacuum. In

this case, the peak laser power is P = 21.5(aoro/Ao) 2 GW = 10 TW and the energy per

pulse is 1.5 J, well within the bounds of present technology [9). The simulation geometry

is illustrated in Fig. 1. We begin at r = 0 with the laser pulse outside the plasma. The

plasma density is "ramped up" to reach full density at cr = 2ZR. The laser pulse is initially

converging such that in vacuum it would focus to a minimum spotsize of ro = 31 Jm at

Cr = 3 ZR. The simulation continues until cr - 10ZR = 3.0 cm.

According to standard LWFA theory [2,3], the optimum wakefield will be obtained at

a plasma density for which Ap ý- 2L = 90 prm, or no = 1.4 x 1017 cm-3 . At this density,

P <K Pc ý- 140 TW such that relativistic guiding effects are unimportant. In fact, the

presence of the plasma has little effect on the evolution of the laser pulse, which reaches

a peak normalized intensity of jla 12 = 0.56 at cT" = 3ZR (in this run, the laser spotsize

versus time closely tracks the line for vacuum diffraction shown in Fig. 1). This is further

illustrated in Fig. 2 (dashed line), where the peak accelerating field, plotted versus time,

is symmetric about cT = 3 ZR.

To study the acceleration and trapping of electrons by the wakefield, a particle code is

used to accelerate a distribution of 30,000 non-interacting test particles in the time-resolved

electric and magnetic wakefields of the simulation. Here, we consider a continuous electron

beam with initial energy of 3.0 MeV and normalized emittance E, = 130 mm-mrad. The

beam is initially converging such that in vacuum it would focus to a minimum RMS radius

Tb = 200 Am at cT = 3 ZR. After c" = 1OZR = 3.0 cm, a small fraction (0.1%) of the

original particle distribution has been trapped and accelerated (simulations show that this

fraction can be increased by using a lower emittance beam). At c"r = 3 cm, the peak

particle energy is 48 MeV which implies an average acceleration of 1.6 GeV/m (see Fig. 3,

dashed line).

We now consider a self-modulated-LWFA simulation with parameters nearly identical

to those considered above. Here, the plasma density has been increased to no = 2.8 x 1018

5



cm- 3 (Ap = 20 jtm). This reduces the critical power to P, = 6.8 TW, such that P :- 1.5Pc.

As the laser parameters have not been changed, the laser pulse now extends over several

XP.

Three important physical effects come into play in this case. Firstly, because P > Pc

and L> A., resonant self-modulation of the laser pulse will excite a very high amplitude

wakefield. Secondly, portions of the long laser pulse with P > Pc will remain optically

guided and focused over multiple ZR, increasing the acceleration length and enhancing

the laser intensity. Thirdly, -,,, - 340 (170 MeV). However, we will see below that

self-focusing enhances the laser intensity by a large factor (> 10) such that much higher

electron energies can be obtained.

Figure 4 shows the normalized laser intensity at (a) cr = 2ZR (just as the laser

enters the full-density plasma) and (b) cT = 3.2ZR (just beyond the vacuum focal point).

The axial electric field and plasma electron density at cr = 3.2ZR are shown in Figs.

5 and 6, respectively. The laser pulse has been modulated (three peaks are observable

in Fig. 4(b), separated by ý- X.) and the plasma wave is highly nonlinear. In addition,

relativistic and density wake effects have focused the laser to a much higher intensity than

was observed in the previous simulation. Figure 1, which shows the spotsize rL versus

time for the leading portion of the laser pulse, indicates that the laser pulse is optically

guided over 5.5ZR. A plot of the peak accelerating field versus time, Fig. 2 (solid line)

further illustrates this point. Here, the leading laser "beamlet" initiates a density wake

which, when combined with the relativistic focusing effect, results in strong focusing of

each of the laser "beamlets". Note that the leading portion of the "beamlet" structure,

with length < Ap/(2-y±), diffractively erodes [3,8]. However, the extreme focusing of the

laser pulse increases -y± such that the erosion is minimized. As a result, the leading

beamlet remains focused over multiple diffraction lengths (see Fig. 1). In addition, the

group velocity within the modulated pulse varies locally with laser intensity and electron

density, further distorting the pulse profile. The laser beamlets continue to distort and

erode until cT ! 7 ZR, at which time the laser pulse disintegrates entirely. Note also that

the e-folding distance of the instability is significantly less than ZR (the laser enters the

plasma at cT = 2ZR and is fully modulated at c-" = 3.2ZR).
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Figure 2 (solid line) also shows that as the pulse becomes fully modulated, the am-

plitude of the peak accelerating field saturates. We have performed further simulations

that suggest an additional saturation mechanism. We find that as the wake amplitude

increases to the point that the plasma electrons are expelled entirely from the axis of the

simulation, the growth of the instability slows. Our model, however, contains a mathe-

matical singularly at zero plasma electron density. This is unfortunate for two reasons:

firstly, we were not able to explore this saturation mechanism in detail and secondly, it

has recently been pointed out [15] that in the limit of zero plasma electron density in

the wake, the resulting bare ion channel has favorable (i.e., linear) focusing properties,

which tend to preserve the emittance of an accelerated electron bunch. In addition to

the two saturation mechanisms discussed above, we have observed that the growth of the

instability may be inhibited in some cases. Specifically, the two-dimensional nature of the

instability requires that regions of focusing and defocusing occur within the pulse. When

defocusing is inhibited, the growth of the instability can be slowed or stopped entirely. We

have observed this in cases where the pulse is converging and is several Rayleigh lengths

from focus (here the instability can be suppressed until minimum spotsize is reached), and

in cases in which a density channel is present (this can be either a preformed plasma chan-

nel or a plasma-electron channel due to self-channeling). In the case of self- channeling,

radial ponderomotive forces expel a large fraction of the plasma electrons from the axis.

A sufficiently-strong density channel (An/no - 0.5) provides additional guiding and can

reduce the growth rate of the instability (typically by a factor of 2-3).

As before, a beam of 30,000 noninteracting test particles is injected into the time-

resolved wakefield, with approximately 2% of the particles being trapped and accelerated

(as in the previous case, we find that this fraction can be increased by using a lower

emittance beam). The peak particle energy of 43i0 MeV is observed at c-r = 1.8 cm = 6 ZR.

At cT" = 3.0 cm = 10ZR, however, the peak particle energy has dropped to 290 MeV due

to the reduced group velocity of the laser pulse, which causes the electrons to slip out of

phase with the wakefield and become decelerated. Figure 3 (solid line) shows acceleration

to 430 MeV over 1.8 cm or 24 GeV/m.
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V. Comparisnn to the Forward Raman Scattering Instability

Finally, we have performed additional simulations to investigate the nature of the

highly nonlinear instability obse-ved here. In the broad- pulse regime, r0 >» Ap, with

P < Pc, the nonlinear modul ion instability described above reduces to the standard FRS

instability. In this regime, ao < 1, it is straightforward to analyze the stability of Eqs.

(1) and (2) foUowing the approach of Ref. 14. Consider laser perturbations propagating

in the f.rward direction (kj = 0) of the form 6a± = 6 &± expi(8o ± 8±) + c.c., where

00 = koz - w0t, 0+ = kz - wt, 9- = 0* and the frequency and wavenumber of the pump

laser are related by w0 - c~k• = w•(1 -0Ia1 2/4). The frequency w and wavenumber k of

the perturbation satisfy the dispersion relation [14,16] D(w, k) = 0, where

D = (k - k2)(k 2 SW2 _ k2 &C2 ) - k-aock6w/4, (3)

6w = w - ck and 6C = w - ve k is the frequency in the group-velocity coordinate system

(O= Z - 1~) T =t).

For a semi-infinite beam that exists in the region •9 _ 0, the asymptotic behavior of

the instability can be determined using a conventional stability analysis [14,171. This is

obtained by solving the equations D(&Y', k) = 0 and d[D(&Y', k)]/dk = 0, where &' =

6V' - vk and v -=Cg/,r < 0. We have solved Eq. (3) in various limits. For example, in the

limit that (wp/wo) 5)/a < IvJ < (WPI/WO) 2 /a2 and ao(wp,/wo)2/(2v/2) < Jvj, the behavior of

the perturbation is given by ba± I -, exp(F'T), where

r = -- / ýp)43 P )/ (4)
2 ( WO)c

Growth rates obtained via simulation were in good agreement with Eq. (4); the scaling with

respect to ao, wp and w0 was confirmed to within 10% (we used rL Ž_ 50Ap, Ap = 10-30 1m

and ao = 0.004 - 0.10). Simulations show, however, that the growth of the nonlinear

modulation instability greatly exceeds that of the standard FRS instability for cases in

which P > Pc and the e-folding time of the FRS instability is long compared to ZR/c or

for cases in which P > P,.

Raman side-scatter could limit the le-ngth of long pulses, L > Ap, by causing the tail

of the pulse to erode [14]. In our sir alations, side-scattered radiation with k1 = ko is

i i I l I l 8



not resolved due to the finite radial grid size (the grid resolves Ap Ž 20A0). Reference 14,

however, estimates that pulses which are not too long, /pL = 10 - 20, should be stable to

side-scatter. The self-modulated case simulated here satisfies this condition. In addition,

the results of Ref. 14 describe the linear stability of a uniform laser pulse. As the pulse

self-modulates (with an e-folding length < ZR) the two processes will compete. It is

possible that, once the laser pulse is fully-modulated, it will be stable to side-scatter, since

a perturbation may not grow significantly within a beamlet of length <c AP.

9



VI. Conclusions

We have proposed a new configuration of the LWFA in which enhanced acceleration

(by a factor > 10) is achieved via resonant self-modulation of the laser pulse (this concept

is also discussed in Ref. 18, which was only recently brought to our attention). The self-

modulation mechanism requires P > Pc and L> Ap (the usual requirement that L ý, Ap/2

is removed). We have demonstrated, via simulation, the dramatic advantages of the self-

modulated-LWFA relative to the standard LWFA [1-3]. We have further demonstrated the

feasibility of the self-modulated case by confining our simulations to currently-available

laser and plasma parameters. We should point out that similar improvements over the

standard LWFA can be obtained through the use of laser guiding via a preformed plasma

channel or via pulse tailoring [8,11]. The point of this paper, however, is that a significant

enhancement in LWFA performance can be obtained without addressing the technical

difficulties that are associated each of these alternatives. It is a notable aspect of these

simulations that, by increasing only the plasma density, one can test both the simple linear

theory and the highly nonlinear, self-modulation regime described here.
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